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Viral ﬁtness, here deﬁned as the relative ability of viruses to
produce infectious progeny in a given environment, plays a critical
role in viral evolution (Domingo and Holland, 1997; Domingo et al.,
1997; Holland et al., 1991). The overall selection of viral strains within
and between hosts is likely to depend heavily on their relative ﬁtness
(Novella et al., 1995; Quinones-Mateu et al., 2000; Troyer et al., 2005).
It is also theorized that an association between ﬁtness and viral traits,
such as virulence, might exist (Alizon et al., 2009; Ebert, 1998; Troyer
et al., 2008). Understanding the nature of these associations could
provide valuable insights into how the traits themselves evolve
(Brown et al., 2006; Bull, 1994; Frank, 1996; Levin, 1996; Read, 1994).
Few in vivo studies have been conducted in vertebrate systems
examining the relationship between viral ﬁtness and in particular, the
virulence trait, and therefore the nature of this association remains
elusive. Here we developed and carried out amethodology to quantify
viral ﬁtness in vivo, in a vertebrate virus system, and shed light on the
association between ﬁtness and virulence. We deﬁned virulence as
mortality caused to the host.
The bulk of research examining the relationship between virulenceSand viral ﬁtness has relied on bacteriophage, plant host systems, or
vertebrate viruses in cell culture. Although crucial for establishing the
foundation of virulence evolution theory, the ﬁndings from these
studies often differed from each other. In bacteriophage a positive
association between virulence and viral density was found under
certain modes of transmission (Messenger et al., 1999). Whereas, in
plant viruses, research suggested that virulence was positively
correlated with the infectivity but not the density of barley stripe
mosaic virus (Stewart et al., 2005), and work on cucumber mosaic
virus revealed genotypes with intermediate levels of virulence had
highest transmissibility (Escriu et al., 2003). Furthermore, in verte-
brate viruses, in vitro studies on FMDV, poliovirus, and SIV indicated
that in some cases more virulent genotypes had the ﬁtness advantage
and in others they did not, depending on the viral genotype or growth
conditions examined (Chumakov et al., 1991; Herrera et al., 2007;
Voronin et al., 2005).
Ultimately, since the host immune response is likely to play an
important role in virulence evolution (Alizon et al., 2009; Frank and
Schmid-Hempel, 2007), the relevance of in vitro studies to intact
vertebrate systems is unknown. To more closely reﬂect the vertebrate
host, an ex vivo systemwas developed for HIV using human peripheral
blood mononuclear cells. This system, in conjunction with epidemi-
ological studies, revealed that viral ﬁtness and transmission potential
are important factors for the success and spread of different HIV
genogroups (Arien et al., 2005) and may be positively correlated with
Fig. 1. Experimental batch immersion challenge deﬁning virulence difference between
IHNV genotypes HV (high virulence, black line) and LV (low virulence, gray line) in
triplicate groups of 20 juvenile rainbow trout. Lines are daily mean cumulative percent
mortality (±1 S.E.M) over 30 days of infection. Mock exposed ﬁsh showed nomortality
(not shown).
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et al., 2000; Sagar et al., 2003; Troyer et al., 2005).
Few truly in vivo empirical studies examining the association
between vertebrate viral virulence and ﬁtness, in intact hosts, are
available; likely due to the difﬁculty of conducting research in such
systems. Of the studies conducted, many were not speciﬁcally aimed
at testing the virulence–ﬁtness association and, similar to in vitro
work, produced incongruous results. An examination of foot-and-
mouth disease in swine and inﬂuenza virus in chickens both
suggested more virulent genotypes had a replication advantage
(Carrillo et al., 1998; Suzuki et al., 2009). Alternatively, investigations
of SIV in primates indicated that virulence was not associated with
viral replication (Pandrea et al., 2008) and work on hepatitis B in
ducks alluded that less virulent strains had the ﬁtness advantage
(Lenhoff et al., 1998). A limitation to these in vivo studies was the
small number of infected hosts examined; typically less than 10
animals. Natural viral infections are likely to show high levels of
variation in viral dynamics, and indeed this phenomenon was
observed in the above mentioned, as well as other in vivo studies
(Burke et al., 2006; Munster et al., 2009; Troyer et al., 2008). As such,
conclusions about population level processes are likely to be more
accurate when greater host numbers are analyzed.
Recently, an in vivo ﬁtness assay was developed for Infectious
hematopoietic necrosis virus (IHNV) in intact living rainbow trout
(Oncorhynchus mykiss) hosts. Using this assay it was found that two
genetically distinct IHNV isolates (referred to as genotypes from here
forward) with equal virulence had equal ﬁtness (Troyer et al., 2008).
To more fully elucidate the nature of the virulence relationship in
IHNV, we expanded this previous study by comparing the relative
ﬁtness of two genotypes which differ in virulence, while also
examining the ﬁtness parameter in more detail.
IHNV is a single-stranded, negative-sense RNA rhabdovirus,
endemic in salmonid ﬁshes throughout western North America
(Bootland and Leong, 1999; Kurath et al., 2003). The virus typically
causes acute infection, with an often rapid onset of disease and
mortality (Bootland and Leong, 1999). Hundreds of isolates of the
virus have been obtained from the ﬁeld and characterized, showing
wide ranging levels of virulence, sometimes reaching close to 100%
mortality of the host ﬁsh population (Garver et al., 2006; LaPatra et al.,
1994). Field studies indicate that multiple genotypes of IHNV can co-
circulate and that newly emerged genotypes can displace resident
ones, suggesting possible ﬁtness differences between genotypes
(Anderson, 2000; Troyer and Kurath, 2003; Troyer et al., 2000).
Phylogenic analyses of ﬁeld isolates have revealed three major
genogroups of IHNV in North America, designated U, M, and L (Kurath
et al., 2003). Among them the M genogroup is hypothesized to have
arisen in rainbow trout (Troyer and Kurath, 2003; Troyer et al., 2000).
We examined the ﬁtness of a high and low virulence IHNV ge-
notype, both from the M genogroup, when in the ﬁsh host alone
in a single infection environment, and in the presence of the other
genotype in a mixed infection competition environment. This exper-
imental design enabled us to determine relative ﬁtness and the impact
competition had on a genotype's ﬁtness (de Roode et al., 2005). The
comparison of single versus mixed infections was not done in our
previous study (Troyer et al., 2008) and to our knowledge, has not
been explored when examining the virulence–ﬁtness association
in vertebrate virus systems. To improve the quantiﬁcation of viral
ﬁtness, we developed genotype-speciﬁc real-time quantitative PCR
(qPCR) assays, making it possible to measure the absolute viral load of
each genotype in both single and mixed infections, in individual ﬁsh.
To fully capture the high levels of anticipated ﬁsh-to-ﬁsh variation,
23–28 ﬁsh per treatment group were utilized, providing robust ﬁtness
estimates.
Our experiments conﬁrmed the virulence difference between the
two M group IHNV genotypes (Garver et al., 2006; Troyer et al., 2000)
and revealed that the more virulent genotype reached higher den-sities in the within-host virus populations in both single and mixed
infections, suggesting it had a ﬁtness advantage. Both genotypes
performed equally well in single infections as they did in mixed
infections, implying that there was no direct competition for a limited
resource in the ﬁsh host. Our results clearly demonstrated a positive
association between virulence and viral ﬁtness as deﬁned here.
Results
Virulence
To demonstrate the relative virulence of viral genotypes HV and
LV, we compared the mortality induced in triplicate batch challenges
of 20 ﬁsh infected with genotype HV, to those infected with genotype
LV. The replicate tanks all showed the same characteristic IHNV acute
infection dynamic (Fig. 1). Mortality began between days 5 and 7 for
HV-infected ﬁsh and 7 and 9 for LV-infected, continued through day
17, and quickly tapered off, with the last LV-infected ﬁsh dying on day
24 and the last HV-infected on day 26. Over the 28 day monitoring
period, ﬁsh infected with genotype HV had an average median
survival of 11±1 days, which was signiﬁcantly shorter than the 23±
1 day median survival of ﬁsh infected with genotype LV (Fig. 1; Log-
rank=40.35, d.f.=1, Pb0.001). Fish infected with genotype HV also
experienced a signiﬁcantly higher cumulative percentage of mortality
(CPM, 85±5%) than the ﬁsh infected with genotype LV (30.5±3%),
over the monitoring period (Fig. 1; X21N25, Pb0.0001). Thus, these
results are consistent with previous observations that HV is the more
virulent of the two IHNV genotypes, as deﬁned by infection-induced
mortality (Garver et al., 2006). When examining only the ﬁsh that
died, there was no difference in the mean day to death between HV-
infected ﬁsh (12±1 days) compared to LV-infected ﬁsh (13±1 days),
suggesting that the kinetics of disease progression was approximately
the same for both virus genotypes.
Viral ﬁtness
To determine the relative ﬁtness of genotypes HV and LV, the total
viral load of each genotype was compared in ﬁsh infected with either
HV alone, LV alone, or a mixture of the two, in three independent
experiments. This made it possible to determine the relative ﬁtness of
each genotype alone versus in a competition environment and
examine the direct effect of competition on the two genotypes.
Across all three ﬁtness experiments there was a substantial degree of
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viral load ranged well over 4 orders of magnitude between the ﬁsh
(Fig. 2, S2, S3). Despite this level of variation, signiﬁcant differences
were observed between the treatment groups. When comparing
mean viral loads for all ﬁsh in an experiment, genotype HV produced
more viral copies than LV in both single and mixed infections, across
all experiments (Fig. 3, genotype effect: F1,233=60, Pb0.001). On
average the viral production of genotype HV was 1–2 orders of
magnitude higher than that for genotype LV (Fig. 3). Ultimately, viral
genotype HV had greater ﬁtness than LV to such a degree that overall,
approximately 76% of the total viral population produced in themixed
infection groups was HV (Fig. 4A), thus, HV maintained its ﬁtness
advantage in both single and mixed infections. Despite the general
dominance of HV, the less virulent genotype was not completelyFig. 2. Viral loads of genotypes HV (black bars) and LV (gray bars) determined by qRT-
PCR in individual ﬁsh from experiment 1, three days after exposure to A) HV alone,
B) LV alone, C) a 1:1 mixture of HV:LV. Analogous data from experiments 2 and 3 can be
found in the Supplemental materials.
Fig. 3.Mean viral loads (±1 S.E.M) of HV (black bars) or LV (gray bars) determined by
qPCR in virus-infected treatment groups from three independent viral ﬁtness
experiments (A–C).excluded and there were 14 out of 81 individual hosts where LV was
the majority genotype in ﬁsh receiving a mixed infection (Fig. 4B).
When examining the impact of competition on genotype perfor-
mance, there was no signiﬁcant difference in the viral copy output of
either genotype in single versusmixed infections, despite a suggestive
trend of a small decrease during competition for HV in experiments 2
and 3 (Fig. 3, competition effect: F1,232=2.3, P=0.13). Furthermore,
the total virus produced in mixed infections (HV+LV) was not
signiﬁcantly different than that produced in single infections of HV.
The three replicate experiments produced very similar results,
although total viral production decreased with subsequent experi-
ments such that the most virus was produced in experiment 1 and the
least in experiment 3 (Fig. 3, experiment effect: F2,233=18, Pb0.001).
The total drop in viral load between experiment 1 and 3 was less than
Fig. 4. IHNV genotype dominance in ﬁsh exposed to amixed infection. (A)Themean percent (±1 S.E.M) of total virus produced that was HV across all ﬁsh receiving amixed infection
for the three experiments. (B)The number of individual ﬁsh where HV (black bars) or LV (gray bars) was dominant in a mixed infection for the three experiments.
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suggest that HV had generally higher ﬁtness than LV.
Discussion
The association between virulence and viral ﬁtness is a heavily
debated topic (Alizon et al., 2009; Brown et al., 2006; Bull, 1994; Ebert,
1998; Levin, 1996; Read, 1994). In vertebrate virus systems, the
ambiguity in this subject is partly due to a lack of convincing data,
particularly from in vivo experiments, with statistically sufﬁcient
numbers of replicate hosts. Here we have shown a positive
relationship between virulence and the ﬁtness of the salmonid virus
IHNV in its natural host, rainbow trout, using in vivo experiments. The
more virulent IHNV genotype (HV) consistently produced greater
numbers of infectious progeny than the less virulent genotype (LV) in
both single and mixed infections in trout.
Typically, experiments examining viral ﬁtness have focused on co-
infection to estimate relative ﬁtness differences between genotypes
(reviewed in Troyer et al., 2008). We added a further aspect by
comparing the performance of viral genotypes alone as well as in co-
infection. This made it possible to directly assess how the perfor-
mance of each genotype was inﬂuenced by the competition
environment and what impact this had on overall ﬁtness (de Roode
et al., 2005). Interestingly, both genotypes performed equally well in
co-infection as they did alone. These ﬁndings suggest that the higher
viral production of HV compared to LV is largely due to differences in
viral replication rather than exploitation competition governed by
limited resources or other similarmechanisms (Brudeseth et al., 2002;
Read and Taylor, 2001). This is despite intentionally observing viral
dynamics on day 3 at the peak of within-host replication, when
resources available to the virus are expected to be most strained
(Troyer et al., 2008). Given these results, one would expect that the
total virus produced in a mixed infection would be slightly greater
than that of HV single infections, due to the added presence of LV.
However, the total virus in mixed infections (HV+LV) was not found
to signiﬁcantly differ from that produced in single infections of HV.
This was likely due to the very small contribution of genotype LV to
the total virus in mixed infections, combined with the slight, althoughnon-signiﬁcant, drop in viral production for genotype HV in mixed
infections in experiments 2 and 3. Thus, there also appeared to be no
facilitation response by either genotype to the presence of the other,
such as increased replication, as postulated in other systems
(Hodgson et al., 2004) and predicted by some theoretical models
(van Baalen and Sabelis, 1995).
We cannot rule out the possibility that a more pronounced
competition dynamic may appear for IHNV later in the infection, after
the host immune response develops, if immune mediated apparent
competition occurs in the IHNV-trout system, such that the immune
response to one genotype has a negative effect on the other (LaPatra
et al., 1994; Read and Taylor, 2001). Fish are known to develop both
innate and adaptive immunity to IHNV, however, previous studies
indicate that viral load dynamics are determined very early in the
infection process, suggesting adaptive immunity may play a minor
role in shaping the observed virulence differences between IHNV
genotypes (Lorenzen and LaPatra, 1999; Peñaranda et al., 2009;
Purcell et al., 2009c).
It is plausible that the competition dynamic in mixed IHNV
genotype infections of trout ultimately depends onwhether or not the
genotypes co-infect the same host cell. A recent study of interference
competition in vitro, in foot-and-mouth disease virus (FMDV),
revealed that a less virulent mutant had the advantage in high-MOI
conditions, where the probability of cellular co-infection was high;
whereas the high virulence mutant had the advantage under lowMOI
conditions, where the probability of cellular co-infection was low
(Ojosnegros et al., 2010). If cellular co-infection does not occur for
IHNV, this could explain why genotype LV is out competed by HV,
given the ﬁndings of Ojosnegros et al. It may be that the IHNV viral
load of in vivo infections never reached a level where cells became
limited, and thus low MOI conditions were maintained such that
competition for cells and the likelihood of cellular co-infection were
rare. In general, IHNV is a relatively low titer virus, reaching titers of
only 102–107 infectious virus particles per gram of tissue during in
vivo infections, but the MOI during in vivo infections is not known.
Some evidence of a block to cellular co-infection in IHNV was
observed in a study that found cells bound with one species of
rhabdovirus had reduced afﬁnity for another species (de las Heras et
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virus species was not examined. A further reduction in the probability
of IHNV cellular co-infection could occur if genotypes compartmen-
talize in different tissues as they spread throughout the host. The
course of IHNV infection begins with viral entry via gills, esophagus, or
skin, followed by systemic infection, with most virus replication
focused in the hematopoietic tissue of the kidney and spleen (Drolet
et al., 1994; Harmache et al., 2006; Helmick et al., 1995). Evidence for
compartmentalization during this process is lacking. Ultimately, the
absence or presence of cellular co-infection is beyond the scope of the
work presented here and does not detract from our observation that
HV consistently producedmore viral copies than LV in both single and
mixed infections.
It should be noted that in this study our goal was to use genotype-
speciﬁc qPCR to quantify the dominant consensus component of the
HV and LV genotypes in single and mixed infection populations. As a
negative-sense RNA virus, IHNV populations exist as quasi-species
mixtures of variants, and it is possible that some mutations in the
qPCR primer or probe sequence sites could have occurred during
these experiments, resulting in a small number of genomes that were
not detected. However, the region chosen for quantiﬁcation showed
no sequence variation in 3 clones for both genotypes HV and LV (data
not shown), and previous studies indicate that the mutant spectra
within natural quasi-species of IHNV is low for an RNA virus
(Emmenegger et al., 2003). In addition, given that they are single-
stranded, negative-sense RNA viruses, recombination is extremely
rare or non-existent for rhabdoviruses. Thus we are conﬁdent that our
methods are valid for quantifying the two genotypes.
Given our results, an obvious question remains, why does HV have
higher ﬁtness than LV? The speciﬁc factors that provide the more
virulent strain with higher viral ﬁtness in the IHNV system remain
under investigation. The molecular basis of virulence is unknown for
IHNV, but preliminary results suggest that it involves more than one
viral gene (unpublished data). Previous studies comparing the course
of infection for two IHNV genotypes from different phylogenetic
genogroups, indicate that factors such as host entry ability, replication
rate, transcription, and innate immune evasion, could all potentially
regulate ﬁtness differences (Park et al., in press; Peñaranda et al.,
2009; Purcell et al., 2009a). In these previous studies the two IHNV
genotypes were from genogroups M and U, that differ in host
speciﬁcity, presumably due to evolutionary adaptation to rainbow
trout and sockeye salmon respectively (Kurath et al., 2003). A key
difference between this previous work, and the present study, is that
the two IHNV genotypes used here are both in the M genogroup, and
thus have the same rainbow trout host speciﬁcity (Kurath et al.,
2003). Furthermore, the other studies did not examine co-infection
and were primarily interested in the kinetics of viral infection over
time. Interestingly, in regards to the present study, in 17% of cases the
less virulent strain was dominant in the mixed infections. This
suggests that part of the general mechanism involved in regulating
ﬁtness may involve a signiﬁcant advantage for the ﬁrst virus genotype
to establish an infection. In the future, mapping the location of ﬁtness
and virulence determinants on the viral genome could provide further
insight into why genotypes differ in ﬁtness.
The broader question is how the ﬁtness differences observed here
will inﬂuence the evolution of viral virulence at the host population
level. Our ﬁndings are consistent, although not conclusive, with the
much debated trade-off hypothesis: the cost of shortened infection
duration due to higher virulence comes with the beneﬁt of increased
viral ﬁtness (Alizon et al., 2009). To fully understand the evolution of
virulence on a host population scale, and accurately assess the trade-
off hypothesis, requires data on transmission of individual genotypes,
and ultimately a measurement of lifetime ﬁtness. The present study
does not attempt to provide such information but is rather aimed at
setting the foundation for understanding the nature of the virulence–
viral ﬁtness association. The logical progression from this work wouldbe an examination of IHNV genotype transmission and ﬁtness over the
entire course of infection.
How our conclusions transcend across different host-pathogen
taxa is also unknown. Our results agreed with some studies where a
correlation between ﬁtness and virulence was found (Arien et al.,
2005; Carrillo et al., 1998; Frasher et al., 2007; Messenger et al., 1999;
Sagar et al., 2003; Stewart et al., 2005; Suzuki et al., 2009; Troyer et al.,
2005; Voronin et al., 2005) and differed from some where such a
correlation was not found (Escriu et al., 2003; Herrera et al., 2007;
Lenhoff et al., 1998; Pandrea et al., 2008). We suspect that to some
degree these phenomena may be taxon dependent. Here we
attempted to mimic ﬁeld conditions by conducting all infections in
vivo, in a naturally co-evolved host-pathogen association. Our work
represents one of the few studies to examine the association of
virulence with replication in a vertebrate virus system, using high
numbers of intact living hosts. Rainbow trout mount well character-
ized innate, humoral, and cellular immune responses to IHNV
infection (Lorenzen and LaPatra, 1999; Purcell et al., 2009b), an
important factor for shaping the evolution of virulence across all
vertebrates (Alizon et al., 2009; Frank and Schmid-Hempel, 2007). It is
interesting to note that this study revealed a high level of ﬁsh-to-ﬁsh
variation (Fig. 2, S2, S3), and indeed even a small degree of variability
in the mean virus produced was seen between experiments, possibly
due to differences between the ﬁsh lots used. The observation of up to
four orders of magnitude difference in viral load between individual
ﬁsh in these experiments is similar to the variation in virus titres
found in the ﬁeld (Mulcahy et al., 1982), thus indicating that our
experiments mimic natural ﬁeld infections. Furthermore, this vari-
ability exempliﬁes how powerful host genetic diversity as well as
stochastic processes may be for shaping pathogen ﬁtness, and
reafﬁrms the importance of using a large, naturally diverse host
population when empirically exploring virulence evolution theory.
Given the large sample sizes in this study, this work offers a solid
foundation to begin developing population level estimates of
virulence evolution for further validation against ﬁeld data and
experimentation.
Materials and methods
Virus and host
We used two genetically distinct IHNV isolates (genotypes)
labeled HV (high virulence) and LV(low virulence), previously
referred to as 220-90 and WRAC/039-82 respectively, which were
originally obtained from farm cultured rainbow trout in the ﬁeld and
subsequently characterized for virulence (Garver et al., 2006). Over
the entire viral G gene there is 3.6% (58/1621 nucleotides) sequence
divergence between LV and HV. Both genotypes belong to the M
genogroup of IHNV and thus have evolved with host speciﬁcity for
rainbow trout (Kurath et al., 2003). The virus was propagated on EPC
cells (Fijan et al., 1983) to create viral stocks stored at −80 °C, then
titered by replicate plaque assay (Batts and Winton, 1989; Troyer
et al., 2008) as HV: 2.71±0.067×107 pfu/ml and LV: 2.6±0.69×
107 pfu/ml (mean±1 S.E.M). The viral load of the virus stocks was
determined by qRT-PCR on 8 independent replicates as HV: 0.906±
0.0832×109 and LV: 1.00±0.221×109 viral copies/ml (mean±1 S.E.
M). The ratio of viral load (qPCR) to pfu (plaque assay) was therefore
HV: 33.6±3.86 and LV: 43.8±20.1 (mean±1 S.E.M). The hosts for all
experiments were 1–3 g research grade juvenile rainbow trout,
Oncorhynchus mykiss (Clear Springs Food, Inc.), maintained in ﬂow-
through, pathogen-free, sand-ﬁltered and UV-irradiated fresh water
at 15 °C as described elsewhere (Troyer et al., 2008). All trout came
from the same source, however the ﬁsh for experiment 1 were
obtained at a different time of the year and therefore were a different
lot. All animal procedures were approved under the University of
Washington IACUC protocol 3042-11.
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The relative virulence of IHNV genotypes HV and LV was
determined using standard viral challenges of ﬁsh in batch. Triplicate
groups of 20 juvenile (2.5 g) rainbow trout were infected by immer-
sion in water containing virus at a concentration of 2×105 pfu virus/
ml H2O of each genotype, or mock infected as a control. The challenge
dose was chosen to be consistent with numerous previous batch
virulence challenge studies of IHNV in juvenile salmonids (Garver
et al., 2006). After a 1 hour exposure to virus in static water the ﬁsh
were maintained as separate groups, in water ﬂow-through condi-
tions, and daily mortality was monitored for a period of 28 days as
outlined elsewhere (Garver et al., 2006).
In vivo viral competition
To determine if virulence correlates with viral ﬁtness in IHNV
we quantiﬁed the within-host viral load of genotypes HV and LV in
single and mixed infections, as a proxy for genotype ﬁtness. Juvenile
rainbow trout were infected by batch immersion in water with
1×104 pfu virus/ml H2O of each genotype alone, a mixed infection of
1×104 pfu virus/ml H2O of each genotype at a 1:1 ratio (2×104 pfu/
ml total virus), or mock infected (no virus), in group sizes of 23–28
ﬁsh per viral treatment as outlined in Table 1. We used twice as much
virus in the mixed infection group so we could compare the
performance of a viral genotype alone verses in competition at the
same input dose. Previous studies indicated that this doubling of virus
has no consequence for the viral dynamics (Peñaranda and Kurath,
unpublished). The ﬁsh were exposed to virus for 12 h in static water
conditions and then washed in ﬂowing water for one hour and
separated into individual beakers to prevent cross-infection (Troyer
et al., 2008). The viral dosage for ﬁtness challenges was chosen as the
minimum dose at which all ﬁsh become infected with either viral
genotype when held in isolation as previously described (Troyer et al.,
2008).
To assess genotype ﬁtness in the ﬁtness challenges, ﬁsh were
euthanized and the viral load of each viral genotype in individual ﬁsh
was quantiﬁed using genotype-speciﬁc quantitative reverse tran-
scription PCR (qRT-PCR), after a 3 day period of in vivo growth and
competition in static water. Day three was chosen as the point of ﬁsh
harvest because it is known from viral growth kinetics studies to be
when viral load reaches peak levels (Peñaranda et al., 2009; Troyer
et al., 2008).
RNA extraction and cDNA synthesis
Viral RNA was extracted from whole ﬁsh as previously outlined
(Troyer et al., 2008) with the following modiﬁcations. Denaturing
solution (D.S. — 4 M guanidinium thiocynate, 25 mM sodium citrate
pH7, 0.1 M 2-mercaptoethanol, 0.5% N-lauroylsarcosine) was added
to each ﬁsh in individual whirl-packs™ at a ratio of 4 ml D.S. per gramTable 1
Treatment groups for the 3 experiments of the study.
Treatment group
(genotype, dose)
Number of ﬁsh analyzeda Genotype-speciﬁc
qRT-PCR analysis
Exp. 1 Exp. 2 Exp. 3
LV, 1×104 pfu/ml 27 27 27 LV assay
HV, 1×104 pfu/ml 28 23 26 HV assay
LV:HV mixed, 2×104 pfu/ml 26 27 28 LV and HV assays
Mock control (no virus)b 6 4 4 LV and HV assays
a Excludes ﬁsh that died during the experiment. Mortalities were: experiment 1:1
(mix); experiment 2:0; experiment 3:1(HV).
b Three of the fourteenmock samples were positive for HV by qPCR and two for LV, at
virus concentrations an order of magnitude or greater below ﬁsh exposed to virus. This
level of possible contamination, which likely occurred during sample processing, did
not signiﬁcantly affect the results.of ﬁsh (1/5 dilution). The ﬁsh were homogenized in a Seward
Stomacher® 80 (Biomaster) at high speed for 2×60 s, or until com-
pletely liqueﬁed, at room temperature. A 1 ml aliquot of the ﬁsh ho-
mogenate was then transferred to a 15 ml tube on ice for subsequent
phenol-chloroform extraction as outlined elsewhere (Troyer et al.,
2008) (Supplemental materials). To assess RNA extraction and con-
centration, spectrophotometry readings were taken of each sample.
The RNA extraction method has proven to be highly repeatable with
no signiﬁcant difference in viral load quantiﬁed by qPCR of multiple
aliquots of a sample extracted independently (data not shown).
Extracted RNAwas subsequently converted to cDNA by combining
0.125 µg oligo-dT, 0.125 µg random hexamers (Promega), 2 µl–3 µl
RNA sample (∼1–2 µg total RNA), and enough H2O to bring the ﬁnal
volume to 13 µl. The mix was incubated at 70 °C for 5 min, held on ice
and the volume brought to 20 µl with: 1 mM dNTPs, 4 µl 5× M-MLV
reaction buffer, 100 U MMLV RT, 10 U RNAsin, and H2O (Promega).
The sample was then incubated at 42 °C for 1 h, 70 °C for 15 min, and
held at 4 °C until storage at −80 °C.
Quantitative PCR
The genotype-speciﬁc qPCR assays utilized genotype differen-
tiating forward primers (HV: 5′-CCC GAT GCC AAT GGT ACA CT-3′; LV:
5′-CCG ATG CCA ATG GTA CAC C-3′), MGB TaqMan probes (HV: 5′-
MGB-VIC-CCC CAA AGA GTG TTC TGA-NFQ-3′; LV: 5′-MBG-6′FAM-
CAA CAC AAA AGA GTG TTC TTA-NFQ-3′; Applied Biosystems), and
reverse primers (HV: 5′-GTG CAT TTT CCT CCA ATA AAG TCC-3′, LV:
5′-TTG GTA CAT TTT CCT CCA ATA AAA TCT-3′). Reliable quantiﬁcation
was obtained for HV and LV in artiﬁcial mixtures spanning ratios of
10,000:1–1:1–1:10,000 HV:LV (HV: Log (observed quantity)=Log
(expected quantity)⁎(1.005±0.01)−0.03±0.06, F1,29=8400, Pb
0.001, R2=0.99; LV: Log(observed quantity)=Log(expected quanti-
ty)⁎(1.002±0.01)+0.01±0.05, F1,32=9700, Pb0.001, R2=0.99)
with no detection of non-target at 1×107 copies and target minimum
detection limits of 10 copies/reaction (104 viral copies/g ﬁsh). All
qPCR reactions were at a total volume of 12 µl, containing 900 nM
each primer, 200 nM probe, 6 µl 2× TaqMan Universal PCRMaster Mix
(Applied Biosystems), 0.328 µl H2O, and 5 µl of a 1/10 dilution of
sample cDNA, and run on a 7900HT ABI Prism machine. Cycling con-
ditions were 50 °C for 2 min, 95 °C for 10 min, then 40 cycles of 95 °C
for 15 s and 60 °C for 1 min.
Given the robust nature of the qPCRmethodology to detect all viral
RNA, it quantiﬁed total viral genetic material, including both genome
copies andmRNA, and thus indicates “viral load” rather than numbers
of virus particles. A consistent relationship between viable virus
quantities found in plaque assays and qPCR viral load has previously
been observed for IHNV in rainbow trout (Purcell et al., 2006) and
qPCR viral load has regularly been used to quantify viral replication
(Peñaranda et al., 2009; Purcell et al., 2009c).
Transcript standard development
RNA transcripts of the full viral glycoprotein (G) gene (target of
qPCR) were developed for HV and LV and used as qRT-PCR standards
at known concentrations. The development of the LV-G plasmid
(pWracG) has previously been described (Corbeil et al., 2000), pHV-G
was developed as outlined here. As a template for the pHV-G plasmid,
HV viral RNA was extracted from a 400 µl volume of virus in cell free
media with 500 µl of Tri® Reagent (Sigma-Aldrich) plus 100 µl EPC
cells as a carrier according to the manufacturer's protocol (supple-
mental materials). The viral RNA was converted to cDNA using
SuperScript II™ reverse transcriptase (Invitrogen) as suggested by the
manufacturer, with 1.6 µg RNA and 2 pmol of a G gene speciﬁc primer
(5′-GGA CTA GTA TGG ACA CCA CGA TCA CCA CTC CG-3′). The cDNA
was then PCR ampliﬁed to produce the full 1.6 kb G gene product
using Taq DNA polymerase (Promega) in a 100 µl reaction with: 10 µl
57A.R. Wargo et al. / Virology 404 (2010) 51–5810× PCR buffer, 0.2 mMDNTPs, 2.5 mMMgCl2, 25 U Taq, 7.5 mg RNase
A (Promega), 5 µl cDNA, 1 pmol primers (forward: 5′-GGA CTA GTA
TGG ACA CCA CGA TCA CCA CTC CG-3′; reverse: 5′-GGC CCG GGT TAG
GAC CGG TTT GCC ACG TGA T-3′). Cycling conditions were 94 °C
2 min, 30 cycles: 94 °C 30 s, 50 °C 30 s, 72 °C 2 min; followed by 72 °C
10 min, 4 °C hold.
The HV PCR product was gel puriﬁed using the QIAquick® gel
extraction kit according to the manufacturer's protocol (Qiagen) and
then inserted into pSTBlue-1 vector using the AccepTor® vector kit as
outlined by the manufacturer (Novagen). Appropriate colonies were
sequenced to ensure full G gene insertion and a stock of plasmid pHV-
G was prepared using the EndoFree® Plasmid Maxi kit (Qiagen).
To obtain negative-sense transcript RNA, 20 µg of plasmids pHV-G
and pLV-Gwere digestedwith HindIII and BamHI respectively and RNA
transcripts were synthesized with T7 RNA polymerase (Promega).
Residual DNA was digested with RQ1 DNase and DNA contamination
was subsequently found to be less than 0.1%. The concentrations and
gene copy numbers of transcript standards rHV-G and rLV-G (length
1626 bp and 1745 bp respectively) were determined by spectropho-
tometry as outlined elsewhere (Purcell et al., 2006). We also used a
general non-genotype-speciﬁc IHNV qPCR reaction to further calibrate
the standards against each other (Purcell et al., 2006). Every set of cDNA
reactions included an RNA transcript standard (rHV or rLV) which was
utilized for qPCR in a 10 fold cDNA dilution series with G gene copies
ranging from 5×108 to 1×101 (standard curves: HV: R2=0.997±
0.001, slope=−3.48±0.04, intercept=45.36±0.31; LV: R2=0.998±
0.001, slope=-3.49±0.03, intercept=44.49±0.13).
Statistics
Virulence data was tested with a Cox-test (SPSS), revealing that
replicate tankwas not a signiﬁcant predictor, whichwas thus dropped
from all further analyses (PN0.10). Kaplan–Meier and log-rank tests
(SPSS) were conducted to determine differences in survivorship. Data
divided or pooled by tank showed the same result. Mean day to death
and percent mortality were analyzed using Chi-square tests in excel.
Analysis of genotype viral production was carried out in SPSS using
general linear models (GLM) starting with the maximum model (viral
load=viral genotype(HVor LV)+competition (aloneversusmixed)+
experiment (I, II, III)+viral genotype⁎competition+viral genoty-
pe⁎experiment+competition⁎experiment+viral genotype⁎compe-
tition⁎experiment) and non-signiﬁcant terms were dropped until the
minimal model was reached (supplemental materials). Tukey's post-
hoc test was utilized for multiple comparisons within groups. To avoid
violating independence assumptions, for statistical analysis we ran-
domly assigned half the mixed infection ﬁsh to the HV group and the
other half to the LV group. The same results were obtained when
analyzing all ﬁsh (Tables S1–S6, Fig. S1) and therefore these data are
shown in the ﬁgures. All data were log transformed to meet the test
assumptions and dead ﬁsh were excluded from the GLM viral pro-
duction analysis because exact time of death could not be determined
and may inﬂuence viral replication (Table 1).
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